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IN 1946 von Euler and Liljestranld' demon-
strated that the pulmonary artery pressure in the eat was increased when the animal breathed a gas mixture of low oxygen content. Comparable results have been demonstrated in other species, including man. 2 4 In spite of a degree of variability in the results of experiments designed to elucidate the mechanism of this response, most studies suggest that hypoxia can cause the pulmonary vessels to constrict. Further studies>5 6 on the comparative effects of breathing a gas mixture of low oxygen tension in one lung, while breathing a gas mixture of normal oxygen tension in the other suggest that constriction takes place in the vessels of the hypoxic lung.
Relatively little attention has been paid to the effect exercised on the pulmonary vascular bed by high oxygen tension in the inspired air, although a fall in pulmonary artery pressure has been demonstrated in man, both with normal pulmonary circulation and with pulinonary hypertension.7-10 Further, the timing and sequence of events in relation to the change in the oxygen concentration in the inspired gas mixture have not been clearly described.
The present study concerns the effect of breathing gas mixtures of high oxygen tension on the pulmonary and systemic arterial pressures and vascular resistances in 31 patients with ventricular septal defect and varying degrees of elevation of pulmonary artery pressure. Particular attention has been given to the timing of the effects on the pulinoiiary vascular bed and the changes ill the systemic arterial oxygen saturation and heart rate also produced by the change from breathing air to breathing oxygen, and to the interrelation of these events.
The data indicate that in patients with a ventricular septal defect a significant decrease in pulmonary vascular resistance is associated with breathing of high-oxygen mixtures. The decrease in pulmonary artery pressure and heart rate follow-ed by a few seconds the increase in oxygen saturation of systemic arterial blood.
Material and Methods The diagnosis of ventricular septal defect was considered clearly established on the basis of findings from clinical examitmation anld cardiac catheterization. In 11 of the 31 eases, the diagnosis wVas verified at operation for correction of the defect. The average age of these 31 patients was 16 years, with a range of 7 months to 43 years.
Measurements
The cardiac catheterization was performed with the technics and instrumentation described previously.11' 12 The procedure was carried out under rectal tribromoethanol (Avertin) anesthesia13 in 13 
Findings
Original photographic recordings showing the immediate response of pulmonary and systemic arterial pressures and the change in arterial oxygen saturation and heart rate during the change from breathing air to breathing oxygen are given in figure 1. In this patient (who was 8 months old), the arterial oxygen saturation began to increase within 3 seconds after the change to breathing oxygen, and the pulmonary artery pressure commenced its decline within 10 seconds after the change to oxygen. Systemic arterial pressure was not demonstrably changed; the heart rate decreased slightly.,
The average values and the variability of the immediate effects of the change from breathing air to breathing oxygen in 28 of the patients are shown in figure 2 . The increase in systemic arterial oxygen saturation began 5 (2 to 9) seconds after the start of breathing oxygen. As shown in figure 3 , the decrease in pulmonary artery pressure followed the change in systemic arterial oxygen saturation in every instance, the interval averaging 8 (1 to 20) seconds. Of the decrease in pulmonary artery pressure during the first 3 minutes, 60 per cent occurred in the first 30 seconds; and only a slight further decrease in pulmonary artery pressure and in heart rate was recorded in the period from 3 minutes to -10 minutes after the change from breathing air to breathing oxygen.
The averages and ranges of the oxygen consuuiption and heart rates and of the pulmo-PULMONARY ARTERY PRESSURE Figure 1 Effects of change from breathing air to breathing 99.5 per cent oxygen on systemic and pulmonary arterial pressures, heart rate, and arterial oxygen saturation in an 8-month-old boy with ventricular septa.l defect (diagnosis confirmed at operation). Upper panel shows continuous recording (paper speed: 5 mmn. per second) from this patient during change (marked by vertical arrow) from air to oxygen. Note that arterial oxygen saturation began to increase within 3 seconds and pulmonary artery pressure to decrease within 10 seconds after change from air to oxygen. Arterial pulse and mean pressures were recorded simultaneously by double galvanometer assemblies." (Reproduced with permission from: Savard, M., Swan,'H. J. C., Kirklin, J. W., and Wood, E. H.: Hemodynamic alterations associated with ventricular septal defects. Symposium on congenital heart disease, p. 141.) The lower panel shows recordings taken at a paper speed of 25 mm. per second 2 minutes before and 3 minutes after the change from air to oxygen. Note the decrease in pulmonary artery pressure and heart rate with relatively little change in systemic artery pressure. pressure and a significant decrease in heart rate, it is likely that the normal pulmonary circulation responds in a similar manner-although this is by no means certain.
Decrease of Pulmonary Resistance
The patients studied had a wide range of pulmonary vascular resistances that included those encountered in normal subjects. As would be expected, the smallest absolute changes with breathing of oxygen were observed in the patients with low pulmonary resistance values and without pulmonary hypertension when they breathed air. Even in those patients with severely elevated pulmonary vascular resistances, a decrease of considerable magnitude was evident.
Although the absolute decrease in pulmonary vascular resistance generally remains large among these patients with pulmonary hypertension, the proportionate decrease in resistance appeared to be less in those patients in whom the pulmonary hypertension was most severe and in whom the pulmonary/ systemic resistance ratio approached or exCirculation, Volume XXIII, February 1961 ceeded 1.0. This degree of elevation of pulmonary resistance is indicative of the presence of severe organic changes in the pulmonary vessels, and it would be expected that the capacity of such vessels to dilate would be limited.17 Certain other patients with idiopathic pulmonary hypertension, in whom the pulmonary resistance values were much higher than any obtained in this study, showed no significant decrease in pulmonary vascular resistance while breathing oxygen. 18 Since no change in pulmonary artery wedge pressure was observed in those patients in whom it was measured, the decline in resistance to pulmonary blood flow is almost certainly due to a fall in the component of this resistance which exists between the large pulmonary arteries and the left atrium-that is, the pulmonary arteriolar or vascular resistance. This decline suggests that the hindrance offered by the terpretation of such finidings.19 In the conditions under study, however, there is no reason to suspect that intrathoracic pressure changed significantly and, so far as could be determined, there was no significant change in the breathing pattern. The heart rate slowed slightly and the stroke volume increased. Apart from the increase in the stroke volume, none of these factors would be expected to change the calculated vascular resistance. Since the intrathoracic pressure apparently remained virtually unchanged while the intrapulmonary arterial pressure fell, the transmural pressure-that is, the effective distending pressure in these vessels-was significantly reduced. The association of a decrease in transmural pressure with a reduction in vascular resistance strongly suggests a decrease in tone of the pulmonary blood vessels. These results demonstrate that the pulinonary vascular bed remains labile and that vasomnotor tone plays a significant part in the pulmonary hypertension which is present in many of these patients.
Timing of Changes
The temporal relation of the change in pulmonary artery pressure to certain other parameters is clearly demonstrated. The initial change in this pressure usually was evident within 15 seconds of the first inspiration of oxygen as compared to the striking increase in alveolar oxygen tension that would occur immediately upon the first inspiration. sure became evident always came after the increase in systemic arterial saturation began, and usually during the phase in which the increase in saturation was most rapid (figs.
1, 2, and 3). Since the declines in heart rate and pulmonary artery pressure occur almost simultaneously, the bradyeardia and the de-(line in pressure may be mediated by the same mechanism.
Mechanism of Response
There is no direct information on the mechanism whereby the inspiration of a highoxygen mixture causes a reduction of pulmonary vascular resistance. However, the effect -of the inspiration of gas mixtures of lowered oxygen tension has been extensively studied. Since the change in pulmonary artery pressure and pulmonary vascular resistance ap-I)ears to be diametrically opposite when gas mixtures of high or low oxygen content are breathed, it is likely that they represent ex- Comparison tone occurred in the precapillary vessels. If, as more probably is true, the pulmonary artery wedge pressure represents the pressure operative in the next pulmonary vascular bed downstream to the wedged catheter in which flow is occurring, then some change of tone in the capillaries and small vessels might not produce detectable changes in the wedge pressure. However, in the presence of pulmonary hypertension with increased vascular resistance, which is almost certain to be precapillary, the relatively large magnitude of the change in vascular resistance in a number of patients indicates that this response must have involved the precapillary vessels. Because of the presence of a left-to-right shunt via the defect in these patients, the pulmonary artery oxygen saturation, unlike that in persons without septal defects, would rise coincidentally with the change in systemic arterial oxygen saturation. It is of considerable interest, therefore, that the temporal relation of the increase in arterial oxygen saturation to the subsequent decrease in pulmonary artery pressure is closely similar in this group of patients with left-to-right shunt to the time sequence observed in patients with pulmonary hypertension who respond with a decrease in pressure but do not have a septal defect. This fact is compatible with the interpretation that these effects are not triggered by the increase in oxygen content of pulmonary artery blood. Furthermore, whatever the mechanism, it was not demonstrably affected by the anesthetic agents used to induce general anesthesia in some of the patients included in this study.
Assumptions Used in Calculations
The assumptions concerning the use of the pulmonary artery wedge pressure and the oxygen saturation of pulmonary vein blood have been discussed already, as has the relation of oxygen consumption values when the subject breathes air and breathes oxygen.
Data as to whether samples of blood drawn from the pulmonary artery in the presence of ventricular septal defect are uniformly mixed in regard to oxygen content are not available. It is the practice in this laboratory to obtain multiple samples of blood in rapid succession from the pulmonary artery and its main branches." In 15 were drawn for the calculation of pulmonary and systemic blood flows (5 to 17 minutes after the change to oxygen). Hence it seems reasonable to assume that a steady state in regard to metabolic equilibrium was attained.
The average variation between the percentage of oxygen saturation of blood samples drawn from the pulmonary artery through a cuvette oximeter for Van Slyke analysis and that of a second sample drawn within an average of 12 minutes later was only 0.7 per cent, which is strong additional evidence for metabolic stability. Phasic variations in the oxygen content and flow of blood at the sampling sites probably are of greater magnitude in patients with ventricular septal defect than in persons without intracardiac shunts. However, it appears unlikely that the direction and magnitude of errors these effects could cause in determination of flow by the Fick method would be influenced to a significant degree by the change from breathing air to breathing oxygen. The similarity in the response to breathing oxygen by patients with atrial septal defect'0 and with patent ductus arteriosus9 lends support to this conclusion.
Summary and Conclusions
During cardiac catheterization, pulmonary and systemic arterial pressure, arterial oxygen saturation, respirations, and heart beats were recorded continuously during the change from breathing air to breathing 95 to 99.5 per cent oxygen in a series of 31 patients with ventricular septal defect. In addition, pulmonary and systemic blood flows were measured under the two circumstances.
Circulation, Volume XXIII, February 1961 Systemic arterial oxygen saturation began to increase about 5 seconds after the change from breathing air to breathing oxygen. Within a few seconds thereafter the pulmonary artery pressure and heart rate began to decrease. After approximately 3 minutes the changes in these parameters appeared essentially complete.
The pulmonary blood flow increased by an average of 32 per cent while systemic flow decreased by 15 per cent during breathing of the high-oxygen mixture. No consistent change in pulmonary artery wedge pressure was observed. The average calculated pulmonary pressure/flow ratio (resistance) was decreased by 36 per cent while the average systemic pressure/flow ratio was increased. The occurrence of these changes was independent of the presence of pulmonary hypertension, of the use of general anesthesia, and of the age of the patient.
It is concluded that in patients having ventricular septal defects, the presence of vasomotor tone in the pulmonary vasculature is usual, and that in those having associated pulmonary hypertension, a significant contributing factor is constriction of the precapillary pulmonary resistance vessels.
On first thoughts it may seem remarkable that scientific work like this should have been performed by a country parson. In the nineteenth century religion and science became mutually antagonistic, and at the present time it is still uncommon to see them in open association; but in the early years of the eighteenth century the Church looked with success to science for support.-A. E. CLARK-KENNEDY, M.D., M.R.C.P. Stephen
